a b s t r a c t
a b s t r a c t C dipolar interaction. Our results indicate that this technique, combined with the numerical fitting, can be used to measure a 1 H- 13 C distance up to 5Å. We also demonstrate that the measured intramolecular 1 H- 13 C distances are useful to determine dihedral angles in proteins.
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Introduction
High-resolution magic-angle-spinning solid-state NMR (SSNMR) spectroscopy has become a complementary method to X-ray crystallography and solution NMR for determining threedimensional structures of proteins. This structure determination relies on the measurement of torsion angles and distances [1] and orientational constraints using aligned samples [2, 3] . Backbone 13 C and 15 N chemical shifts are well known to be sensitive to protein (f, c) torsion angles, and can be measured straightforwardly to constrain the protein secondary structure [4] [5] [6] . In addition to chemical shifts, a number of heteronuclear dipolarcorrelation techniques such as HNCH [7] , NCCN [8] and HCCH [9, 10] have been developed to quantitatively measure the backbone and sidechain dihedral angles. Solid state NMR has been proven to be a reliable technique to obtain the quantitative distance information in various systems [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Distances between non-proton atoms in proteins can be measured using 2D and 3D correlation experiments such as DARR [26] , RFDR [20] , CHHC [27] , PAR [28] , R 2 W [29] , FS-REDOR [30] and ZF-TEDOR [31] . Homonuclear correlation experiments such as DARR and CHHC yield qualitative 13 C- 13 C or 15 N- 15 N distance constraints based on the growth of cross peak intensities as a function of mixing time: short distances manifest as fast build-up curves whereas long-range distances exhibit slow build-up curves. Alternatively, the rotational resonance width (R 2 W) experiment [29, 32, 33] yields more quantitative 13 C- 13 C distance constraints by monitoring cross peak intensities as a function of MAS frequency while the spin diffusion mixing time is held constant. To determine heteronuclear distances, one can use the frequency-selective (FS) REDOR experiment [30] or the 3D ZF (zero-filter) TEDOR experiment [31] . These methods have so far been applied mostly to 13 C- 15 N distance determination in proteins [34, 35] . While heavy-atom 13 In this work, we describe the theory, simulation and application of a 13 C-detected FS-REDOR experiment to extract 1 H-13 C distances. By using frequency-selective REDOR, we not only extend the 1 H-X REDOR principle to uniformly 13 C, 15 N-labeled samples but also show that the allowance of 13 C detection rather than 15 N detection in the previous study [36] [37] [38] significantly increases the sensitivity of this approach. The feasibility of our 1 H-
13
C FS-REDOR experiment has been evaluated on two 13 C, 15 N-labeled model compounds, formyl-Met-Leu-Phe-OH (f-MLF) and histidine.
Experimental

Materials
Uniformly 13 C, 15 N-labeled f-MLF was purchased from Cambridge Isotope Laboratories and used without further purification. 98% 13 C, 15 N-labeled Histidine Á HCl Á H 2 O was purchased from Sigma-Aldrich and was diluted to 20% by codissolving with 80% unlabeled histidine to remove the interfering intermolecular dipolar couplings. The mixture was recrystallized at pH 8.0 as described before. [39] The solid-state NMR structure of f-MLF (PDB code: 1Q7O) [40] was referenced to compare with the measured distances. For histidine, the measured intramolecular 1 H-
13
C distances and deduced sidechain dihedral angles were compared with the values in the crystal structure of L-histidine (CSD code: LHISTD02).
Instrumentation
Solid-state NMR experiments were carried out on a wide-bore Bruker AVANCE-600 spectrometer using a double-resonance 4-mm MAS probe. Samples were spun at 5.0 kHz at room temperature for all experiments. Typical radiofrequency field strengths were 50-63 kHz for 13 LG-CP is 62.5 kHz. In the REDOR mixing period, the effective field strength of the FSLG decoupling and the transverse field of the WIM-24 sequence is set to be 102.1 kHz and 81.7 kHz, respectively.
Theoretical background
We consider a multi-spin system consisting of m 13 C spins and n protons. In the 1 H-13 C FS-REDOR experiment, 13 C- 13 
Here J jk is the 13 C-13 C scalar coupling between directly bonded j and k spins, and k is the FSLG scaling factor for the 
In the tilted frame of the FSLG sequence, the initial 1 H magnetization after the excitation pulses is r(0):
where p i represents the initial polarization of the ith 1 H spin. Hamiltonian of Eq. (1) can be written as
where the propagator U(t) is 
The first term represents the distance-dependent dipolar interaction during the selective-pulse period, and the soft 13 C p pulse removes the J coupling between the 13 C spin of interest and its directly bonded 13 C, so the last two term can be ignored [50] . Therefore, the evolution of the 1 H density operator under the 1 H-13 C FS-REDOR pulse sequence can be simplified as During the 13 C spin selection period, a soft 13 C p pulse with a pulse length equal to two rotor periods (400 ms) was applied on the 13 C channel in the middle of the REDOR period. This 13 C pulse was applied with or without 1 H WIM-24 decoupling. In addition, to simulate the real experimental condition, we also used a 13 C p pulse and a WIM-24 decoupling period of 320 ms and the rest part of two rotor periods was filled with FSLG. The REDOR dephasing curves for 1 H-
13
C distances of 1.1Å and 2.1Å were simulated under these conditions and compared with the ideal REDOR dephasing curves, to exploit the effects of additional heteronuclear 1 H-13 C dipolar decoupling on the FS-REDOR experiment.
To examine the effect of one bond 13 To fit the measured REDOR dephasing of f-MLF and histidine, we inputted heteronuclear 1 H-13 C dipolar coupling and one-bond 13 to 2.1Å and 4.0Å after considering the scaling factor of FSLG (theoretical value: 0.577) were also simulated for comparison. The scaling factor of FSLG significantly depends on many experimental variables as reported [44] . According to our previous study [52] , the scaling factor of the FSLG was determined to be 0.54 under the similar condition. The universal simulation curves are shown in Fig. 3 in black dotted line. As shown in Fig. 3a C 4 J couplings were set to 55 Hz and 35 Hz, respectively. We assume that both the hard and soft 13 C p pulse can select 13 C 2 out of 13 C 3 and 13 C 4 , it was found that the simulated points are consistent with the universal REDOR dephasing curves (see Fig. 4 ). While in the practical situation, as the soft p pulse instead of hard pulse can distinguish 13 C 2 from 13 C 3 and 13 C 4 , it was found the simulated points are slightly deviated from the ideal universal REDOR simulation curves at a longer mixing time. Finally, as both the soft p pulse and hard pulse cannot select 13 C 2 from 13 C 3 and 13 C 4 , we found that simulated points are deviated off the ideal universal REDOR simulation curves. It reveals that the carbon selective p pulse not only can select the 13 C spin of interest but also can partly remove the one bond 13 C-13 C J coupling interactions. To simultaneously remove 13 C-13 C J coupling and dipolar interactions and conserve 1 H-13 C dipolar interaction, C-type symmetry scheme [47, [58] [59] [60] , such as POST-CN n n in C-REDOR experiment can be incorporated into the pulse sequence, which is normally used at a faster spinning speed than 20 kHz. Ha of histidine in the 1 H-13 C FS-REDOR experiment was determined to be around 1.8 ms as shown in Fig. 5a . While as the 13 C hard pulses are turned on, the apparent T 2 value in the 1 H-13 C FS-REDOR experiments were reduced to be around 0.6 ms (see Fig. 5b ). The shortened T 2 value could be attributed to imperfect homonuclear decoupling and heteronuclear recoupling or certain systematic error in the 1 H-13 C FS-REDOR experiment. For the 1 H-13 C distance measurements in the uniformly 13 C, 15 N labeled system, the intermolecular dipolar interruption to short range 1 H-13 C distances, (e.g. 1.0-2.5Å), could be ignored compared to intramolecular dipolar interaction. While long range intermolecular distances (3-6Å) interruption must be avoided. In this work, uniformly 13 C, 15 N labeled f-MLF and 20% diluted histidine prepared at pH 8.0 were chosen as model compounds to demonstrate the reliability of 1 H-13 C intramolecular short range and long range distances determination, respectively. Fig. 5c, d shows the REDOR dephasing curves of short-range intramolecular 1 H-13 C distances measurements using uniformly 13 C, 15 N labeled MLF sample. As shown in Fig. 5c , even though the exact 1 Ha- 13 Ca distances cannot be deduced from the 1 H-13 C FS-REDOR experiment due to the lack of initial dephasing points, the one-bond 1 Ha- 13 Ca distances can be estimated to be less than 1.8Å. This distance is consistent with the PDB data (1Q7O) [40] . According to topology structure of MLF, the C FS-REODR experiment could be employed to constrain the sidechain dihedral angle. Fig. 7 plots histidine Hd2-Ca and He1-Ca distances as a function of w 2 angle according to the crystal structure of histidine [39] . Using the lowest RMSD calculation, we found the best-fit w2 angle to be about 601 and À 601, in good agreement with the X-ray value of 56.11. These results imply that the measured intramolecular 1 H-13 C distances can be used to indirectly give sidechain torsion angles of proteins.
To investigate the 3D structure of proteins, the current 1 H-13 C FS-REDOR experiment can be served as a supplementary method to obtain the distance and angular constraints for protein structure determinations. In combination with the 2D 13 C-13 C and 13 C-15 N correlation methods [62, 63] , the 1 H-13 C FS-REDOR can be extended to a 3D mode to yield the distance constraints with high resolution for uniformly labeled proteins. Since the method can be used to measure the intramolecular 1 H- 13 
Conclusion
Intramolecular 1 H- 13 C distance measurements in uniformly 13 C, 15 N labeled samples were demonstrated in 1 H-13 C FS-REDOR 
